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COMPENSATION OF THE REFRACTIVE INDEX OF DOPED InP 

Cross Reference to Related Application 

This application claims the benefit of European Application No. 00402450.1, 
filed September 6, 2000. 

Background of the Invention 

1. Field of the Invention 

The present invention relates generally to opto-electronic devices, and 
particularly to an optical mode transformer. 

2. Technical Background 

Optical mode transformers (OMTs) are known to reduce optical coupling loss 
by mode transforming between a smaller mode of an optical device and a larger mode 
of an optical fiber. Spot-size transformation is needed from the l-2um range of the 
(usually elliptical) guided mode of the optical device (such as a laser, for example) to 
the 8-10 um range of the (circular) guided mode in the optical fiber (usually single- 
mode). The OMT is the region in an electro-optical device, including the optical device 
monolithically defined within the electro-optical device, where the shape of the guided 
wave is transformed. The transformation is obtained by the variation of the shape of the 
waveguides, such as by tapering. However, carrier-induced change in the refractive 
index of the material used for the OMT due to doping has increased coupling loss more 
than expected. The presence of dopants of opposed conductivities, is necessary for the 
electron transport of active optical devices. In a typical laser, for example, an active 
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region is sandwiched between an n-doped buffer layer and a p-doped over-growth layer. 
It is known that n-doping changes the refractive index more than p-doping. Although 
other ni-V compounds can be used. InP is often used for high speed optical electronics 
such as above 10GHz because an InP device is faster (carrier mobility is higher) than 
5 GaAs device. When the InP layer is doped (n or p), free carriers are present in the InP 

material in the conduction band or in the valence band. These carriers can absorb light 
(i.e. absorb a photon by a band transition). When the absorption is modified, the index 
is also modified. Due to the effective mass difference between an electron and a hole, 
for the same doping level, the index change is more pronounced for n (electron) doping. 
1 10 Therefore, a need exists to reduce this difference in the carrier-induced change in the 

j refractive index of an OMT to further reduce the coupling loss of the OMT. 

i Summary of the Invention 

I One aspect of the present invention is a mode transformer that includes a 

J 5 passive waveguide having a first composition sandwiched between two layers of a 

second composition. A p-doped re-growth layer having the second composition is 
= disposed on top of the passive waveguide. A compensated n-doped buffer is disposed 

" underneath the passive waveguide. The compensated n-doped buffer has the first 

composition and a sufficient concentration of a third composition such that the 
20 compensated n-doped buffer layer has a reduced index difference between the p-doped 

re-growth layer and the compensated n-doped buffer layer to compensate the index 

difference between the p-doped re-growth layer and an un-compensated n-doped buffer 

in order to preserve the symmetry of the guided optical wave. 

Additional features and advantages of the invention will be set forth in the 
25 detailed description which follows, and in part will be readily apparent to those skilled 

in the art from that description or recognized by practicing the invention as described 

herein, including the detailed description which follows, the claims, as well as the 

appended drawings. 

It is to be understood that both the foregoing general description and the 
30 following detailed description are merely exemplary of the invention, and are intended 

to provide an overview or framework for understanding the nature and character of the 

invention as it is claimed. The accompanying drawings are included to provide a 
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further understanding of the invention, and are incorporated in and constitute a part of 
this specification. The drawings illustrate various embodiments of the invention, and 
together with the description serve to explain the principles and operation of the 
invention. 

5 

Brief Description of the Drawings 
FIG. 1 is a simplified partial cross-sectional view of a mode transformer, in 
accordance with the teachings of the invention; 

FIG. 2 is a side elevation view of FIG. 1 showing a more detailed two- 
1 0 dimensional vector field and structure view of the compensated buffer 1 1 0 of a second 

embodiment of the mode transformer of FIG. 3, in accordance with the teachings of the 
invention; and 

FIG. 3 is a perspective view of the second embodiment of the mode transformer, 
similar to the first embodiment 10 of FIG. 1, assembled on a motherboard, in 
1 5 accordance with the teachings of the invention. 



Detailed Description of the Preferred embodiments 
Reference will now be made in detail to the present preferred embodiment of 
the invention, an example of which is illustrated in the accompanying drawings, where 

20 the references are not to scale. Wherever possible, the same reference numbers will be 

used throughout the drawings to refer to the same or like parts. An exemplary 
embodiment of the mode transformer of the present invention is shown in FIG. 1, and is 
designated generally throughout by reference numeral 1 0. In accordance with the 
invention, the present invention for the mode transformer includes a passive waveguide 

25 120 having a first composition co-existing with a second composition to provide a 

guided optical wave. Although other ITI-V compounds are usable, for high-speed 
operation, the first composition is preferably InP co-existing with the second 
composition of GaAs to provide a quaternary passive waveguide layer 120 of InGaAsP, 
serving as a core for the guided optical wave to be confined within and having a core 

30 refractive index. 

A p-doped re-growth layer 130 having the first composition is disposed on top 
of the passive waveguide 120. For high-speed applications, the p-doped re-growth 



layer 130 is preferably an epitaxial growth of InP having a re-growth refractive index 
lower than the core refractive index of the quaternary passive waveguide layer 120 for 
the re-growth layer 130 to act as a top cladding for the core of the quaternary passive 
waveguide layer to confine light within the quaternary passive waveguide layer 120. 
One can use a ridge structure (without a regrowth), but the confiement will not be 
symmetrical. Hence, the function of the regrowth layer is to provide a top cladding 
layer which is symmetrical to the bottom cladding layer. 

Similarly and symetrically, a compensated n-doped buffer 1 10 is disposed 
underneath the passive waveguide 120 to act as a bottom cladding for the passive 
waveguide 120. The compensated n-doped buffer 1 10 also has the same first 
composition, preferably of InP, but also has a sufficient concentration of a third 
composition, which can be the same as the second composition of GaAs, such that the 
compensated n-doped buffer layer 1 10 has a reduced index difference between the p- 
doped re-growth layer 130 and the compensated n-doped buffer layer 1 10. Instead of 
using a standard n-doped InP bulk buffer, alone as an un-compensated buffer, the 
compensated buffer is used as taught by the present invention. 

As is known, the mode transformer 10 further includes a substrate 100 for 
epitaxially growing the buffer layer 110. For optoelectronic applications, m-V 
compounds, such as the group HI elements of In, Ga, or Al, and the group V elements, 
such as As, P, N, Sb, are used as the substrate 100. The common substrates 100 used 
currently are InP and GaAs. As InGaAs substrates become available in the future, this 
and other types of substrates can also be used. However, for high-speed opto-electronic 
applications, the preferred substrate material currently is InP. 

In one implementation, as seen in FIG. 1, the compensated buffer 1 10 is an alloy 
having a lower concentration of Ga and As atoms than In and P atoms to form a n- 
doped InGaAsP buffer layer. The range of percentage of Ga and As atoms needed is 
approximately less than 1 % and preferably 0.1%. Hence, a buffer compensator is 
disposed within the normally n-doped InP buffer, the buffer compensator having Ga 
and As atoms to compensate for the carrier-induced change in refractive index of the n- 
doped InP buffer layer for resulting in a compensated n-doped InP buffer layer such that 
the compensated n-doped InP buffer layer 1 10 has a reduced index difference between 
the p-doped InP re-growth layer 130 and the compensated n-doped InP buffer layer 110. 



Therefore, the buffer compensator can be Ga and As atoms or any other composition 
having a refractive index slightly higher than the original buffer material that would 
slightly increase the refractive index of the original buffer by combining with the 
buffer. 

Referring to FIG. 2, another implementation of the compensated buffer 1 10 is 
represented as 110' and also seen in FIG. 3. Preferably, the compensated buffer 110' 
comprises a thin series of layers of the second composition, such as GaAs, disposed on 
a bulk deposition of the first composition, InP, such that a series of thin InGaAsP layers 
are inserted in the n-InP bulk buffer. This layer insertion is easier to implement than 
forming an actual alloy of n-doped InGaAsP because the introduction of the layers is 
easier to control than the introduction of only a few percentage of Ga and As atoms. 
The compensated buffer 110' is made-up of four 0.5um of InGaAsP layers 21 1-214 
epitaxially grown on top of an n-doped InP bulk uncompensated buffer 210 having a 
thickness of about 6um and an n-doping level of n=lxl0 18 cm" 3 . As an example, the 
thickness of each of the InGaAsP layers is 0.03 jam, which are inserted in the n- InP 
buffer. The InP substrate is about 200 jam thick and available as a commercial substrate 
having about an eptiaxial growth of 3 um thickness to form a buffer and waveguides and 
then another epitaxial growth of 4-6 um to form the regrowth. 

As an example of the improved electric field intensity achievable from the 
inventive compensated buffer of the mode transformer 10, the more centralized T.E 0,0 
guided mode of the electric field 250 is shown more localized around the passive 
waveguide 120 and the compensated buffer 110' than what would be expected, 
localized around the re-growth layer 130, if the buffer was uncompensated. In this 
example, the passive waveguide 120 is preferably a buried ridge stripe passive 
waveguide structure for emitting light at a wavelength (X) of 1.1 um from a quaternary 
layer of InGaAsP having a width of 7.0 um and a thickness of 0.07um. The passive 
waveguide 120 is further buried in the re-growth layer 130 that is preferably a p-doped 
InP layer. The thickness of this re-growth layer is typically about 4-6 urn. With this 
geometry, the coupling loss of this mode transformer is only about 0.2 to 0.3 dB higher 
than the coupling loss of an ideal case where the doping effect is not taken into account. 



In contrast, in a standard uncompensated buffer, the real coupling loss of the mode 
transformer is about ldB higher than the expected ideal case. 

Referring to FIG. 3, the mode transformer of FIG. 1 is shown in a perspective 
representation, with an active waveguide or layer 302, disposed on top of the passive 
waveguide or layer 120, separated by an optional spacer 304, for mode transforming 
between a smaller mode (about lum) of an In-P optical device 306 and a larger mode 
(about lOum) of an optical fiber 308 for forming an optical mode transformer assembly 
300. The optional spacer 304 is a thin layer between the active waveguide or layer 302 
and the passive waveguide or layer 120. The spacer 304, if used, allows a better 
confinement of the guided wave in the active waveguide 302 where the gain in a laser, 
for example, is proportional to the confinement. 

The assembly 300 includes a Silicon motherboard 310 for supporting the hi-P 
optical device 306 and the optical fiber 308. This Silicon motherboard is another name 
for a silicon optical bench. Optionally supported by a fiber holder 3 12 on the 
motherboard 310, the fiber 308 is butt-coupled at approximately the spot represented by 
the electrical field 250 shown in FIG. 2. 

Preferably, the In-P optical device 306 is a buried ridge stripe structure defined 
monolithically with the mode transformer 10 on the same n-doped InP substrate, such 
that the broad end of a preferably tapered portion 316 of the active waveguide 302 is 
integrated with the optical device 306 that is shown as the untapered portion of the 
active waveguide 302. The laser is shown as the untapered portion of the active 
waveguide. With this monolithic integration, the buried ridge stripe structure having 
the passive waveguide of the preferable InGaAsP composition confines and transforms 
the guided optical wave from the In-P optical device 306 to the optical fiber 308, along 
with the similar function of the active waveguide 302. The active waveguide is where 
the optical gain is localized (for a laser or an SOA). It is also where the carriers are 
converted to photons in a detector. Thus, reciprocally, the active regions is where the 
photons are converted to carriers. The p-doped InP re-growth layer 130 is disposed on 
top of the buried ridge stripe structure for burying the passive waveguide. Thus, the rn- 
P optical device 306 is a laser, a semiconductor optical amplifier (SOA), a detector, or 
any other InP based opto-electronic device that need to be fiber pigtailed or hybridized 
on the Silicon motherboard 310. 
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According to the teachings of the present invention, the compensated buffer 1 10 
compensates the index difference between the p-doped and the n-doped InP layers 130 
and 1 1 0, respectively, in order to preserve the symmetry of the guided wave. When a 
material is n-doped, its index is reduced proportionally to the doping concentration. 
Because of the high effective mass of the hole, when a material is p-doped, its index is 
only slightly reduced. Thus in a typical laser structure, for example, where the active 
waveguide is sandwiched between an n-doped and a p-doped cladding or confinement 
layers 321 and 322, respectively, there is a refractive index difference between the 
upper and the lower cladding layers 322 and 321, respectively. Because GaAs has a 
higher index value than InP, the reduction of the index due to the doping in n-doped InP 
can be compensated by introduction of a certain concentration of GaAs in the InP 
material such that the light is confined more in the lower cladding layer. This lower 
cladding layer 321 does not need to be compensated. The compensation is for the 
passive waveguide so it is the buffer layer 110 which has to be compensated to have the 
same index as the regrowth 130. 

The light has to be confined and transferred into the fiber 308 from the optical 
device 306. The mode of the fiber 308 has a circular symmetry. So ideally the 
symmetry of the guided wave should also be circular. The index difference between the 
n-doped and p-doped material and the overgrowth layer 130 and the buffer 110 breaks 
the vertical symmetry of the guided wave. The compensation of the buffer 1 1 0 having 
a sufficient concentration of Ga and As atoms such that the compensated n-doped 
buffer layer has a reduced index difference between the p-doped InP re-growth layer 
130 and the compensated n-doped buffer layer 1 10 should restore this symmetry. The 
top laser cladding layers 321 and 322 does not cause the index to change. At the end 
facet the active region is tapered down to zero, so 321 and 322 do not play any role. 

Instead of using a buried ridge stripe structure for the passive waveguide 120, a 
buried hetero-structure can also benefit from a compensated layer. As is known, a 
heterostructure is a stack of different layers, where each layer has a different 
composition Generally, every opto-electronic device, such as a laser, is a 
heterostructure. In each n-doped InP layer, a concentration of GaAs can be introduced 
to compensate the index reduction due to the n-doping by the increase of the index due 
to the GaAs introduction in the InP material. 
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It will be apparent to those skilled in the art that various modifications and 
variations can be made to the present invention without departing from the spirit and 
scope of the invention. Thus, it is intended that the present invention cover the 
modifications and variations of this invention provided they come within the scope of 
5 the appended claims and their equivalents. 



